Androgens are an important regulator of human hair growth. Human hair follicles in various sites of the body have a variable individual, inherited susceptibility for androgen dependent growth. Androgens regulate the type of hair produced in human follicles, which can cause psychological distress in cases of excess large hairs, e.g. in hirsutism, male hair distribution in women, or reduced visible hairs, e.g. in androgenetic alopecia, male pattern baldness. These disorders are poorly controlled and cannot currently be effectively treated, mainly due to our lack of understanding of hair follicle function. The molecular mechanisms of the androgen action in human hair follicles are not well understood. Changes in hair follicle and hair size are believed to involve signalling between the hair follicle components via paracrine factors. It is believed that androgens exert their effects on hair follicles via the mesenchyme-derived dermal papilla cells by altering the regulatory paracrine factors produced by the dermal papilla itself and affect the other follicular components. Identifying key paracrine factors which may be involved in androgen regulated changes in the hair follicles could improve our understanding of the mechanism of androgen action in human hair follicles. Better understanding of this mechanism and the structure, functions of hair follicles should lead to better treatment for hair disorders such as hirsutism and androgenetic alopecia.
Introduction

Hair & its importance
Mammals have hair all over their bodies as a unique character which differentiates them from other animals in the Animal Kingdom [1] . Most human skin produces hair, except for some particular parts of the body, the glabrous skin, including the lips, palms of the hands and soles of the feet [2] . Hairs are greatly variable in colour, diameter, length, and cross-sectional shape [3] . There are three main types of hair: lanugo, vellus and terminal. Lanugo hair is soft and fine, and is formed in foetal life. This type of hair starts growing on human embryo skin at about the 20 th week of pregnancy, and then sheds in uterus at about the 36 th week of pregnancy. After birth, an infant has two types of hair, vellus and terminal. Vellus hair is short, small, fine, unmedullated and unpigmented hair. It is located in areas of the body described as hairless regions, for instance the facial hair of a child or adult women [4] . Terminal hair is long, thick and pigmented, often with a medullated hair shaft. It grows on various parts of the human body such as the scalp, face, eyelashes, eyebrows, arms, legs and axillae [5, 6] . The main functions of human hair are protection and communication. For example, eyebrows and eyelashes protect eyes from incoming objects [7] . Scalp hair protects the head and neck from the harmful effects of sunlight, ultraviolet light, cold and physical damage [8] . In addition, scalp hair provides insulation for the head due to the lack of adipose tissue on the scalp. Thermoregulatory function is less important in human beings, however the small amount of terminal hair on the human body helps to cool the body through evaporation from sweat glands [9] . One of the most important functions of human hair is social and sexual communication. Hair plays a role in beauty; strong healthy hair indicates good health to others, whereas sparse and brittle growth of the hair indicates poor nutrition and bad health [10] . Hair removal generally has strong depersonalizing roles, for instance shaving prisoners and Christian or Buddist monks, while long uncut hair has positive connotations like strength and its association with religion in Sikhs [11] . There are clear differences in hair type and distribution between males and females, and between adults and children. The growth of pubic and axillary hair is a sign of maturation and puberty [6, 12] .
In addition, hair disorders such as hirsutism or excessive hair growth and alopecia or hair loss can have negative effects on the quality of life such as social restriction and psychological distress to those who suffer from them [11] . Although hair loss is not life threatening in human beings, the important communication roles of hair explain its importance for most people [13] . Since hair plays a vital role in a person's appearance, self-image and communication, this provides an insight into why it is possible for hair growth disorders to be at the root of serious psychological distress [14] . Unfortunately, many hair disorders cannot currently be effectively treated, mainly due to our lack of understanding of hair follicle function. Therefore a greater understanding of the mechanisms regulating hair growth, leading to the control of these conditions is of great interest worldwide.
Hair structure
Hair is a fully keratinised flexible structure of epithelial cells which originates from hair follicles that extend down to various lengths into the dermis and often into the subcutaneous adipose tissue [15] . The hair follicle has a complex structure which results from epithelialmesenchymal interactions initiated around the 3rd month of embryonic development [16] . A typical hair consists of two main parts ( fig 1) ; the first part is the hair shaft which is located above the level of the epidermis and is formed of a type of protein called keratin. The other part is the hair root which is enclosed within the hair follicle under the level of the epidermis [17] .
The bottom of the follicle is the hair bulb where the epithelial cells surround the mesenchyme-derived dermal papilla, a pearshaped structure located within its centre. The dermal papilla plays an important role throughout the hair follicle development and life cycle, as it contains specialised fibroblasts, known as dermal papilla cells, which are surrounded by extracellular matrix containing mucopolysaccharides and basement membrane proteins [18, 19] . The dermal papilla is almost completely surrounded by the epithelial matrix, except a small gap at the base of the hair bulb, to allow blood vessels and nerves to enter the papilla. The non-cellular part of the dermal papilla includes collagen types I and III, and fibronectin. The size of the dermal papilla and its cells is proportional to the size of the hair follicle, and therefore the hair fibre produced [20] .
Hair growth cycle
The hair follicle grows in cycles. However, hair cycles in human beings do not occur at the same time for all hairs. Morphologically, the hair cycle process is well understood, but is still not clarified at the molecular level. Each hair cycle consists of successive stages of growth and involution, which include tissue regression and regeneration. The hair growth cycle includes three main stages: the growth phase, anagen, the transitional phase, catagen, and the resting phase, telogen [21] . A fourth phase, exogen, is involved in releasing the old hair via an active enzymatic releasing process [22, 23] . The duration of each stage varies between species. Overall, the hair follicle exhibits a highly complex organised architecture and represents an attractive experimental system because of its accessibility, dispensability and self-renewal capacity [3] .
Androgens and human hair growth
The hair follicle growth cycle allows the hair produced from the follicle to change and adapt to seasonal variation or changes in sexual development. The mechanisms involved in the complicated processes of the hair growth cycle are not well understood. In mammals, seasonal variation can be detected in the changing of coat thickness and colour induced by temperature, day length, and nutrient availability [24] . These changes in the environment are translated to the follicle via the endocrine system, mainly through the pineal and hypothalamus-pituitary route [25, 6] . The hormones involved differ between the species, but generally include gonadal hormones, thyroid hormones, corticosteroids, prolactin, and melanocyte stimulating hormone. In human beings, a few weeks after birth a wave of hair shedding occurs [26] , after this the hair cycle is asynchronous except for the local groups of three follicles called DeMijère trios. Circannual variation in the rate of the human hair growth has been observed on the scalp, thigh, and beard [27] . Hair growth in human beings is affected by various factors such as glucocorticoids [28] , thyroid hormones [29] , pregnancy [30] , circulating hormones [6] and nutrient levels [31] . However, androgens are the major regulating hormones of hair growth [11] . Human hair follicles, which are distributed in various parts of the body, have an innate tendency for androgen-dependent growth [32] . Almost all human hair follicles are influenced by androgens except some specific areas of the body which produce terminal hair in childhood such as eyelashes, eyebrows, and many scalp follicles where androgens have no obvious effect [2] .
Androgens can exert opposite functions in human hair growth depending on the body site ( fig 3) . They can transform small vellus hair follicles into large terminal hair follicles, as seen during the growth of beard, pubic hair, and axillary hair after puberty [12] , whereas they can also transform large terminal hair follicles into small vellus hair follicles as seen on the scalp in genetically predisposed individuals with androgenetic alopecia (male pattern baldness) in which the follicles undergo progressive miniaturisation [32] . These paradoxical effects of androgens on human hair growth have long been a mystery. These changes occur gradually with several hair growth cycles occurring before the type of hair produced is changed [33] . In addition, these changes appear to be androgen dependent and determined by the presence of sufficient circulating androgens [34] , as well as the degree of genetic predisposition [32] .
One of the first signs of puberty is the gradual replacement of small vellus hair with larger, more pigmented hair in the pubis and axillae in both sexes [12] . These changes parallel the rise in plasma androgens which occurs earlier in girls than in boys [35] . During male puberty, the growth of beard initially starts in the moustache area and the middle of the chin and later spreads over the lower part of the face and parts of the neck [12] . In Japanese and Caucasian men, beard and axillary hair both grow rapidly, however while beard growth continues until the seventies, axillary hair growth peaks in the midtwenties and then decreases rapidly in both races [36] . This indicates that the hair follicles in different anatomical locations of the body have different responses and sensitivities to androgen. However, the range of responses of hair follicles to androgens is genetically intrinsic [32] and depends upon body site [37] , as well as levels of circulating androgens, for example beard hair growth in males needs much higher levels of androgens than post-pubertal axillary and pubic hair in females. The effects of androgens on hair growth are clearly illustrated by patients with testicular feminisation who have no functional androgen receptors. These individuals do not develop beards, axilla or pubic hair. There have been no reports of these patients suffering from androgenetic alopecia [38] .
Androgen-related hair disorders
Because of its importance in social and sexual communications, hair plays an important role in the standard of a person's appearance and self-image. Therefore, hair disorders may cause psychological distress and reduced quality of life. However, hair disorders are not physically painful or life threatening. The two main androgen-related problems associated with hair growth are the loss of hair on the scalp in males and females, which is more prevalent in males (androgenetic alopecia), and excessive hair growth on the face and body of women in the male pattern (hirsutism). 
Androgenetic alopecia
Androgenetic alopecia is a common type of hair loss. It is also called common baldness or male pattern baldness which mainly affects men [39] , but can also affect women [40] . Androgenetic alopecia affects up to half of the male Caucasian population by middle age and almost all Caucasian men in old age [41] . This type of hair disorder is characterised by the gradual transformation of thick, pigmented hairs on the scalp to short, thin pale hairs, in both men and women [33] . In androgenetic alopecia and also during puberty, the gradual changes in the type of hair produced by the hair follicles are related to changes in the stages of the hair growth cycle [6] . Therefore, during the disorder progression, the anagen phase of hair growth cycle shortens whereas the telogen phase remains constant [33] .
The distinctive pattern of hair loss was first described by [39] . The hair loss severity was classified into seven classes (fig 4) , starting from pre-pubertal scalp (Type I) through gradual recession of bitemporal hairline and thinning of the vertex (Type VII). This classification system was later modified to improve the grading of the middle balding types. This type of male pattern baldness can occur in women ( fig 5) , however a different pattern of hair loss is more common. It was described and graded by [42] as the gradual hair loss in the crown, with preservation of the frontal hair line [43] .
There are two main factors involved in the pathogenesis of androgenetic alopecia including androgen and genetic predisposition. There is a great deal of evidence to support the involvement of androgen in the development of androgenetic alopecia. For example, androgenetic alopecia does not occur in male castrated prior to puberty and progression is stopped if postpubertal males are castrated [44] . In castrated men, hair loss can be stimulated using testosterone replacement therapy, however withdrawal of the hormone led to a cessation in hair loss progression [34] . The role of androgen in hair loss is confirmed by the absence of androgenetic alopecia in people with complete androgen insensitivity syndrome in which individuals lack functional androgen receptors [38] . In balding men, testosterone levels are normal [45] and the response to androgen seems to be intrinsic to the hair follicle [33] . Genetic predisposition is required for the onset of alopecia alongside androgen [46] . Androgenetic alopecia has been described as an autosomal dominant trait with variable penetrance [47] . A number of genes have been investigated for an association with androgenetic alopecia, it has been reported that male-pattern baldness associated with genetic variants in the androgen receptor gene [48] . In addition, recent studies showed susceptibility variants for androgenetic alopecia on chromosome 20p11 [49] . This indicates that the inheritance pattern of androgenetic alopecia seems to be polygenic.
There are a range of treatments for androgenetic alopecia such as surgery, wigs and hairpieces, hormonal, and non-hormonal therapy. The surgical treatments are based on the intrinsic response of hair follicles to androgens. It involves the relocation of hair follicles from the nonbalding occipital and parietal areas of the scalp to cover the bald sites [50] . This type of treatment is long lasting, painful and expensive, as well as it may require further surgery as the hair loss develops around the transplanted regions. The main hormonal treatments include anti-androgens and 5α-reductase inhibitors. Anti-androgen treatment blocks the androgen binding to the androgen receptors; however, this is not a desirable treatment for men as it has impractical effects on male masculinity. 5α-reductase inhibitors, such as finasteride, act by blocking the conversion of testosterone to its more active form 5α-dihydrotestosterone (DHT) which binds the same receptor as testosterone. It has been observed that finasteride slowed down gradual hair loss and promoted hair growth in men under 42 with stage II to V hair loss [51] . Another study showed the efficacy of finasteride in older men [52] . Recently, it has been revealed that dutasteride, a type I and type II 5α-reductase inhibitor, increased scalp hair growth in men with androgenetic alopecia more rapidly than finasteride, which only inhibits type II 5α-reductase [53] . To date, 5α-reductase inhibitors are the best current treatment for androgenetic alopecia in men, however similar to all hormonal treatments, they require long-term continuation.
The most commonly used non-hormonal treatment for androgenetic alopecia in men and women is minoxidil [54] . It belongs to a group of drugs known as potassium channel openers. It was initially developed for hypertension treatment, but it was observed to have hypertrichosis (excessive hair growth) as a common side effect [55] and then it was remarketed as a hair loss treatment. It is unclear how minoxidil itself functions to stimulate hair growth, however a recent study suggested that the mechanism of minoxidil action in hair follicle is via the opening the ATP-sensetive potassium channels in the membranes of hair follicle cells [56] . This type of hair loss was described and graded by [42] as the gradual hair loss in the crown, with preservation of the frontal hair line.
Hirsutism
Hirsutism is the excessive hair growth on areas of the body of women in the pattern of a normal post-pubertal male [57] . In normal women, these sites of the body are covered by fine hair for instance above the lip, on the chin, chest, forearms, back and abdomen. This abnormal hair growth may be triggered by excess production of androgen. In these cases androgens cause the transformation of fine, small hairs into thick, pigmented hairs. This is a paradoxically different effect of androgens compared to their involvement in androgenetic alopecia. It has been reported in a study investigating hirsutism in British women between 15 and 64 years of age, that about 10% have hair on the chest, 22% on the chin, and 49% on lips [58] . There are several conditions which can cause hirsutism such as polycystic ovary syndrome (PCOS) which is characterised by excessive production of androgen [59] . However, a small portion of cases have idiopathic hirsutism, with no detectable hormonality [60] .
Treatment of hirsutism can involve cosmetic and/or pharmacological approaches. Pharmacological methods include treatment with anti-androgen drugs such as cyproterone acetate (CPA), spironolactone [61] and flutamide (FLU) [62] . This type of treatment may take 6-9 months before detecting any effect on hair growth and there may only be partial improvement. In addition, there is also a risk of feminisation of a male foetus with anti-androgen treatment [63] . Finasteride is also used as a competitive inhibitor of 5α-reductase, and has been shown to be effective for treating hirsutism with fewer side effects [64] . The cosmetic approach employs various methods which physically remove or lighten excess hair to make it less conspicuous; such treatment includes shaving, waxing, bleaching, depilatory creams, electrolysis and laser hair removal [65] .
Mechanism of androgen action in the hair follicle
The main circulating androgen in the human body is testosterone which is derived from cholesterol like other steroid hormones. Testosterone is primarily made and secreted by leydig cells in the testes of human men and the ovaries of women; the adrenal glands in both sexes can also secrete low level of androgens. However, the amounts of testosterone produced by human males are much more than those produced by females [66] . In addition, the concentration of circulating testosterone produced by males is estimated as 10-35 nmol whereas it is <3.5 nmol in females [67] . Androgens are carried in the blood either free or bound to specific proteins such as albumin, and sex-hormone binding globulin (SHBG) [68] .
Systemic androgens can enter the hair follicle via its blood vessels into the dermal papilla and the dermal sheath. Because androgens are lipid soluble (lipophilic molecules), they can diffuse directly from the blood into the cytoplasm of target cells through the cell membrane and then enter the nucleus [69] . In the cytoplasm, testosterone can be metabolised to 5α-dihydrotestosterone (DHT) depending on the site of the follicle in the presence of the enzyme 5α-reductase. Androgens exert their activities on the target cells by binding to specific intracellular receptors. Each receptor contains a ligandbinding site and DNA-binding site. Both testosterone and 5α-dihydrotestosterone can bind to the ligand-binding domain, which causes a conformational change in the receptor, as well as activation of the DNA binding site [70] . However, 5α-dihydrotestosterone is a more potent androgen and binds to the androgen receptor with a higher affinity than testosterone to modulate gene expression [71] . The receptorandrogen complex then binds to a specific DNA sequence of the target gene which is called a hormone response element [72] . This binding process results in activation of androgendependent genes, and DNA transcription which leads to altering the production of specific proteins (fig 6 and 7) .
Androgen insensitivity syndrome
The mechanism of androgen action in hair follicles has been illustrated by various forms of androgen insensitivity syndrome. Individuals with this syndrome are characterised by an XY genotype but they exhibit a female external phenotype. These individuals lack functional androgen receptors. Although they have normal or raised circulating androgen levels, they lack beard, pubic, and axillary terminal hair and they do not undergo androgen-dependent scalp hair thinning [38] . This confirms that the terminal hair growth in these sites of the body is androgen dependent, whereas follicles in other sites such as scalp, eyebrows, and eyelashes are androgen independent.
The enzyme 5α-reductase
Two isoforms of the enzyme 5α-reductase type I and type II, have been identified [73] . The distribution of these isoenzymes varies between tissues, however both types are found in scalp follicles [74] and a recent study showed that the genes for 5α-reductase type I and type II were expressed in cultured dermal papilla cells derived from both beard and scalp hair follicles [75] .
Type I is mainly found in the liver, however its role is not obvious. Absence of 5α-reductase type II results in the syndrome of 5α-reductase deficiency, a rare form of male pseudohermaphroditism. Individuals with this syndrome are born genetic males (XY) with ambiguous external genitalia and they are unable to convert testosterone [76] . Individuals with 5α-reductase type II deficiency do not produce male patterns of body hair, in spite of their circulating androgens after puberty. They only produce female patterns of pubic and axillary hair and show an absence or reduction of beard growth, although they do develop a masculinized male body shape [77] . This suggests that pubic and axillary follicles respond to testosterone, but the male secondary sexual hair growth demands metabolism of testosterone to 5α-dihydrotestosterone [6] . It is unclear why some follicles require testosterone and others 5α-dihydrotestosterone to induce the same cell biological changes. This suggests that the cells use different intracellular coactivating proteins to act with the receptor [11] . Circulating androgens enter the dermal papilla via its blood capillaries, causing the production of paracrine factors which act on other follicular components [78] . T: Testosterone, ?: unknown paracrine factors.
Current hypothesis of androgen action in hair follicles
The molecular mechanisms involved in the control of hair growth are not well understood. Androgens are the major regulating hormones of human hair growth [11] . It is believed that androgens act on the hair follicle via the mesenchyme-derived dermal papilla which interprets the response indirectly for the other follicular components. The current hypothesis of androgen action in hair follicles was proposed by [78] . This hypothesis proposed that circulating androgens enter the dermal papilla via its welldeveloped blood supply. Within the dermal papilla cells of androgen dependent hair follicles, androgens bind to specific intracellular androgen receptors and then cause alteration in their production of paracrine factors. These factors then act on other components of the hair follicles, altering the type of hair produced (fig 8) .
Paracrine factors are those for which the target cells are different from, but near to the signal-releasing cell. These factors could be soluble mitogenic factors such as growth factors and/or extracellular matrix components. Elucidation of these factors may lead to a better understanding of hair biology and the mechanisms involved in androgen dependent hair disorders. These factors may act on different follicular targets including the melanocytes which modify the amount of pigments produced, the keratinocytes which propagate to produce the hair fibre and different sheaths, and the follicular endothelial cells and the cells of the follicular connective tissue sheath [6, 11] . In addition, another possible target for these factors could be the dermal papilla itself via an autocrine regulatory system [79] , as any change in the dermal papilla size leads to a change in hair follicle size and the type of hair produced [20, 80] . Therefore, the dermal papilla cells would be the direct target for androgen action, whereas the other follicular components would be controlled by androgens indirectly.
This hypothesis has received much support by several experimental studies. Using autoradiographic localisation, the highest concentrations of radio-labelled testosterone were detected in the dermal papilla cells and sebaceous glands in rat skin. This indicates that these cells are the main androgen targets of skin [81] . It has been reported that androgen receptors are localised in human dermal papilla cells, but not hair follicle keratinocyte cells [82, 83] . Based on in vitro studies, dermal papilla cells derived from androgen-sensitive regions, such as human balding scalp and beard, contain higher levels of specific, saturable androgen receptors than those derived from androgen-insensitive regions such as non-balding scalp [84] . This is also reflected in the red deer follicles where androgen receptors have been localised by immunohistochemistry in the dermal papilla cells derived from mane follicles taken during the breeding season, whereas they were not detected in those taken during non-breeding season [85] . The gene for the androgen receptor was expressed in cultured human dermal papilla cells taken from axillary and beard hair follicles, whereas it was only present at a low level in cells derived from occipital scalp hair [86] . This parallels individuals without functional androgen receptors, i.e, with androgen insensitivity syndrome, who exhibit no beard, axillary, and pubic terminal hair, and do not develop androgenetic alopecia [38] . This indicates that the dermal papilla plays a main role in androgenmediated effects in the hair follicles.
Further evidence implicating the dermal papilla as an androgen target is that 5α-reductase type II mRNA was expressed in the dermal papilla and the dermal sheath cells from both balding and non-balding scalp follicles [87] . Based on in vitro study, the metabolism of testosterone has also been examined, and varies between dermal papilla cells taken from different body sites. Cultured dermal papilla cells from non-balding scalp, beard, pubic and axillary follicles were incubated with radio-labelled testosterone. All cells and media contained testosterone and androstenedione, but only beard dermal papilla cells contained the metabolite 5α-dihydrotestosterone [88, 89] .
References [90, 91] used a co-culture system of dermal papilla cells and outer root sheath cells to investigate the DNA synthesis level. They observed an increase in DNA synthesis measured by ³H-thymidine uptake compared to cells cultured separately. Addition of testosterone stimulated ³H-thymidine uptake in the co-culture system of both beard and axillary dermal papilla cells with outer root sheath cells. However, there was no effect for testosterone on cells cultured alone, or in the co-culture of occipital scalp dermal papilla cells and outer root sheath cells. In addition, the stimulation of ³H-thymidine uptake under the influence of testosterone was antagonised by the addition of anti-androgen, cyproterone acetate. This strongly suggests that the stimulatory effects in the co-culture system of both beard and axillary were mediated via an androgen receptor pathway.
The production of paracrine factors by cultured dermal papilla cells was examined in the presence and absence of androgen [92] . Conditioned media produced by cultured dermal papilla cells derived from beard, balding and nonbalding scalp were collected. All media promoted DNA synthesis in epithelial cell line of human skin. After incubation with testosterone, media from balding scalp dermal papilla cells had a reduced ability to induce the epithelial cell growth compared to untreated media from nonbalding, balding, and beard dermal papilla cells. This may have been due to the production of inhibitory paracrine factors under the influence of testosterone.
Another study used a similar experimental design to examine the production of paracrine and autocrine factors by androgen-insensitive non-balding scalp and androgen-sensitive beard dermal papilla cells [89] . The conditioned media by the dermal papilla cells were collected and its effects on ³H-thymidine incorporation into other dermal papilla cells were investigated. From the study it was found that both non-balding and beard dermal papilla conditioned media have inducible effect for both cell types, but the response to the factor was greater in beard dermal papilla cells. After incubation with testosterone, the production of mitogenic factors was only increased with the conditioned media from beard dermal papilla cells. It was observed that only beard dermal papilla cells were able to respond to these factors. This suggested that both cell types secreted autocrine factors and the testosterone stimulation of autocrine factors production by beard dermal papilla cells in vitro reflected the response of these cells to androgens in vivo.
The production of inhibitory autocrine factors by balding dermal papilla cells was investigated by [79] . This study revealed that conditioned medium, produced by dermal papilla cells derived from either non-balding or balding scalp had growth promoting effect on nonbalding scalp dermal papilla cells in vitro. However, balding medium was found to stimulate to a lesser extent. In addition, only conditioned medium from non-balding scalp stimulated rat vibrissae dermal papilla cells, and no significant stimulation was seen with conditioned medium from balding scalp. This was due to the secretion of soluble inhibitory factors by balding cells and this study also revealed that the conditioned medium from balding dermal papilla cells inhibited mouse hair growth in vivo, indicating that this medium contained inhibitory autocrine factors.
Paracrine factors in the hair follicle
The development of epithelial appendages demands cell signaling and interaction between epithelial cells, and between epithelia and mesoderm-derived dermis [93] . It is believed that cell signals may play a key role in regulation of cell growth, cell differentiation and epithelial appendage formation [94] . Polypeptide growth factors are a variety of proteins which play important roles in the regulation of cell growth, movement and differentiation, and perform their activities, for example control cell proliferation and differentiation, by binding to specific membrane receptors on the cell membrane to transduce the growth factor signals [95] . The identification of paracrine factors produced by dermal papilla cells in androgen dependent follicles has been the focus of much research. A number of growth factors and cytokines have been implicated in the regulation of the hair follicle [96, 97] . Only some of these have been implicated in androgen action so far, generally by studying cultured dermal papilla cells; the main ones include:
Insulin-like growth factor-I (IGF-I) is a highly potent mitogen which maintains cultured anagen scalp hair follicles at physiological concentrations in vitro [98] . Abnormal patterns of hair growth and differentiation have been observed when IGF-I actions were blocked in the IGF-I receptor deficient mouse [99] . Reference [100] observed an increase in gene expression of IGF-I when beard dermal papilla cells were cultured with testosterone in vitro. They also reported that androgens increased the proliferation of outer root sheath cells when cocultured with dermal papilla cells in vitro. This stimulation by androgens was intercepted when IGF-I action was blocked using antibodies.
Transforming growth factor-β1 (TGF-β1) is another possible paracrine factor which inhibits hair growth in vitro and may play a role as a negative regulator of hair follicle growth [97] . In organ culture, it has been found that TGF-β1 inhibits human hair growth in vitro [101] . Reference [102] used a co-culture system to investigate TGF-β1 in dermal papilla cells of balding scalp with transfected androgen receptors and keratinocytes. When a synthetic androgen was added to the culture, a significant inhibition was noticed in keratinocyte growth. They also found that TGF-β1 was induced by androgen in cultured balding dermal papilla cells. Furthermore, the inhibition of keratinocyte growth was reversed using anti-TGF-β1-antibody in a dose-dependent manner. This suggests that androgens stimulate the expression of TGF-β1 in balding dermal papilla cells leading to inhibition of epithelial cell growth. TGF-β1 has also been implicated in the control of catagen. Premature catagen was induced when TGF-β1 was injected into the back skin of mice [103] and a suppressor of TGF-β1 delayed the progression of catagen in mice [104] . Androgen also stimulated balding cultured dermal papilla cells to produce TGF-ß2 [105] which is associated with the transition from anagen to catagen in human hair follicles in vitro [106] . Therefore, androgen stimulation of dermal papilla production of TGF-β could shorten anagen.
Another possible androgen-sensitive paracrine factor is Stem cell factor (SCF), also called c-kit ligand, mast cell growth factor or steel factor. SCF is known to play a main role in development of epidermal [107] and hair pigmentation [108] . Dermal papilla cells derived from beard, non-balding and balding scalp follicles can produce SCF [109] . However, beard cells secrete more SCF than those from nonbalding scalp suggesting that androgens may increase the production of SCF by beard dermal papilla cells leading to formation of darker facial hair [110] . Similarly, cells derived from the paler balding follicles secreted less SCF than normal scalp cells [109] . The SCF receptor, c-kit, was expressed in adult scalp hair follicle melanocytes [111] . This suggests that changes in the amount of SCF produced by the dermal papilla cells may alter hair pigmentation by acting on the hair follicle melanocytes.
Vascular endothelial growth factor (VEGF) is another possible paracrine factor which acts as a modulator of angiogenesis and vascular permeability. Anagen terminal hair follicles have a good vascular system, suggesting microvascular angiogenesis may occur at an early stage of every new anagen phase [112] . The gradual changes in the size of androgen-responsive follicles, for instance during puberty, are reflected in the different size of their blood vessels. It has been reported that cultured dermal papilla cells express the gene for VEGF [113] . Cultured dermal papilla cells derived from catagen and telogen follicles of human scalp were found to express low levels of VEGF using in situ hybridization [114] . Recently, it has been found that the levels of VEGF were decreased in patients undergoing androgen deprivation therapy for prostate cancer compared to its levels before treatment indicating an androgen-regulation of VEGF expression [115] . Better understanding of these factors should elucidate androgen action in hair follicles and therefore lead to the development of treatments for androgen dependent hair disorders such as androgenetic alopecia and hirsutism.
Conclusion
The hair follicle exhibits a highly complex organised architecture and represents an attractive experimental system because of its accessibility, dispensability and self-renewal capacity. The hair follicle consists of structures derived from ectodermal and mesenchymal origins. Epithelial and mesenchymal interactions are important for both hair follicle development and cycling. The mesenchyme-derived dermal papilla is an important feature of hair follicle development and a permanent, discrete entity throughout the hair cycle of the hair follicle. The dermal papilla is believed to be the main regulator of the hair follicle and can determine what sort of hair is produced. It is believed that androgens act on hair follicles through the dermal papilla. Androgens are the main known key regulator responsible for changing the type of hair produced by a hair follicle, stimulating enlarged follicles producing larger terminal hair in many areas after puberty and as seen in hirsutism, while causing reduction in follicle size on the scalp resulting in androgenetic alopecia. The alteration of the size of the hair produced by a hair follicle, while at the same time maintaining many processes involved in hair growth and the hair cycle, probably requires a number of paracrine factors, some of them are inhibitory and others stimulatory. In this model, circulating androgens enter the dermal papilla through its good blood supply and cause alteration in its production of paracrine regulatory factors, which influence the surrounding follicular components. These factors would play a role in altering the type of hair produced by androgen-dependent hair follicles. Paracrine factors may target the follicular melanocytes which control the amount of pigment produced, the keratinocytes which proliferate to produce the hair fibre, the follicular endothelial cells, and the cells of the connective tissue sheath, as well as the dermal papilla itself through an autocrine regulatory system. Investigating these factors could give us a better understanding of the mechanisms involved in androgen-dependent hair disorders. Therefore a greater understanding of the mechanisms regulating hair growth could lead to better treatment for hair disorders.
